abstract: A charm of biology as a scientific discipline is the diversity of life. Although this diversity can make laws of biology challenging to discover, several repeated patterns and general principles govern evolutionary diversification. Convergent evolution, the independent evolution of similar phenotypes, has been at the heart of one approach to understand generality in the evolutionary process. Yet understanding when and why organismal traits and strategies repeatedly evolve has been a central challenge. These issues were the focus of the American Society of Naturalists Vice Presidential Symposium in 2016 and are the subject of this collection of articles. Although naturalists have long made inferences about convergent evolution and its importance, there has been confusion in the interpretation of the pattern of convergence. Does convergence primarily indicate adaptation or constraint? How often should convergence be expected? Are there general principles that would allow us to predict where and when and by what mechanisms convergent evolution should occur? What role does natural history play in advancing our understanding of general evolutionary principles? In this introductory article, I address these questions, review several generalizations about convergent evolution that have emerged over the past 15 years, and present a framework for advancing the study and interpretation of convergence. Perhaps the most important emerging conclusion is that the genetic mechanisms of convergent evolution are phylogenetically conserved; that is, more closely related species tend to share the same genetic basis of traits, even when independently evolved. Finally, I highlight how the articles in this special issue further develop concepts, methodologies, and case studies at the frontier of our understanding of the causes and consequences of convergent evolution.
Introduction
The search for convergent evolution and its causes is one way to make sense of the wonderfully bewildering biological diversity on our planet. The study of convergence is part of a program to discover repeated patterns and general principles that govern evolutionary diversification. Indeed, with the advent of non-model-omics, the study of convergent evolution is enjoying a new surge of interest, and this symposium and special issue of the American Naturalist brings together a superb group to address classic and novel questions on the topic.
Here I define convergence as the independent evolution of similar phenotypes. As has been noted many times, the intrigue of convergence was not lost on one of our greatest naturalists, Charles Darwin, when he identified traits such as luminescent organs in seemingly distantly related insects and pollen packages in distantly related plants. Darwin (1859, p. 193) wrote: "although the general appearance and function of the organ may be the same . . . some fundamental difference can generally be detected . . . Natural selection . . . has sometimes modified in very nearly the same manner two parts in two organic beings, which owe but little of their structure in common to inheritance from the same ancestor." Darwin recognized that convergent traits are not necessarily identical in all respects and that their evolution was largely independent, although not completely so, given that all organisms ultimately share a common ancestor.
Most convergent evolution falls under the umbrella of what may be considered "constrained adaptation"-evolution that is limited by the strength of natural selection, genetic architecture, and fitness costs and benefits, all of which narrow the number of possible evolutionary outcomes. Although convergence is often interpreted as evidence of both adaptation and constraint (sagaciously reviewed by Losos [2011] ), the two processes are intertwined and thus can be difficult to separate. In this context, constraint has been broadly defined as "restrictions or limitations on the course or outcome of evolution" (Arnold 1992) or, more generally, the "unequal probability of outcomes in evolution" (Schwenk 1994 (Schwenk /1995 . Issues of constraint will be important in my discussion of convergent evolution, but because of the varied historical use and abuse of the term (Futuyma 2010 ), I will frequently use the term "bias" to simply refer to the pattern of unequal probability of outcome in evolution (table 1) .
As Losos (2011) pointed out, repeated trait-environment associations are suggestive of convergent adaptation, and measures of natural selection and trait function can elucidate the adaptive nature of convergent traits (box 1). Nonetheless, such measures do not address the extent to which adaptation may be constrained. Many functional traits can be under selection and yet may be limited in how they can evolve. As will be discussed later in this article, a pattern of phylogenetic bias in both the degree of convergence and the underlying mechanistic basis of convergent traits is reshaping our view of constrained adaptation. The challenge of studying convergence in our era is thus interpreting patterns in natural history on phylogenies, with repeated or divergent genetic mechanisms helping to elucidate general issues in evolution. This was the focus of the American Society of Naturalists Vice Presidential Symposium in 2016.
In this introductory article, I aim to (1) introduce general issues and concepts in the study of convergence and in particular link the study of convergence to its roots in natural history, (2) provide a framework for addressing modern questions in convergence and summarize the state of the field in terms of progress and open questions, and (3) highlight themes addressed in the subsequent articles in this special issue. The current growth in studies of convergence has been fueled by increasingly sophisticated modern analytical tools of comparative biology, the ability to pinpoint genetic mechanisms of convergence using molecular biology, and the expansion of observational (as opposed to experimental) science in the past few decades. While perhaps less common, experimental approaches and novel statistical methods in the study of convergence are helping to explain patterns with process (Lenski 2017; Mahler et al. 2017) . We are beginning to study the cellular and molecular mechanisms leading to convergence in distantly related organisms subject to the same selection, a critical approach to understanding phylogenetic biases in evolution (Petschenka et al. 2017; Rosenblum et al. 2017) .
Convergence has also been at the center of thinking about major ecological patterns and their causes. For example, Edwards et al. (2017) seek to understand the causes of deciduousness in woody plants, a highly convergent trait that defines several global biomes. In some cases, it has been hypothesized that convergence occurs at the community level, driving greater similarity of species within a community than would be predicted from their phylogenetic relatedness (Schluter 1986) . In other cases, dissimilarity evolves due to the convergent evolution of community members into different niches (Gillespie 2004; Losos 2009 ). Identifying traits that may be involved in community assembly are critical, as such traits are the link between evolutionary history and ecological outcomes. Together, these approaches represent an exciting frontier in the study of convergent evolution whereby we are able to study the causes and consequences of repeated evolutionary change integrating from genes to communities.
Natural History: The Roots of the Study of Convergent Evolution
Natural history concerns the description of organisms (including their scientific name), their traits (any phenotype or description of their genome), location and distribution, and interactions with the biotic and abiotic environment. Although natural history serves as a foundation for biology, there continues to be controversy about the role that natural history should play in advancing knowledge in modern biology (Greene 2005 ). Yet clearly "reciprocal relationships among the growth of robust theory, experimentation, and accurate natural history" (Greene 2005, p. 23) are essential for advancement in our understanding of evolutionary biology. Natural history continues to be an important source of inspira-tion, is critical for knowing and conserving what we have on the planet, and, most germane tothis article, is central to the conceptual advancement of evolutionary biology in the broadest sense. Using his classic approach of natural history and phylogenetic thinking, Greene (2017) addresses convergence in animal behavior, with implications for understanding our human selves as animals. Natural history in the context of comparative biology has historically been a critical hypothesis generator, which has often yielded general patterns and sometimes pushed the envelope of theory-especially in our understanding of convergent evolution. Two examples from my own corner of biology, plant-herbivore interactions, illustrate this point.
By the early 1960s, the birth of chemical ecology as a discipline yielded possible explanations for chemical diversity in plants and hypothesized consequences for major patterns in biological diversification (Fraenkel 1959; Ehrlich and Raven 1964) . Key hypotheses about the function of plant chemistry were informed by careful natural history observations on distantly related groups of organisms (Fraenkel 1959) . In a classic study on the "raison d'être of catnip," Thomas Eisner (1964) reasoned that the chemical components (including the terpene nepetalactone) causing catnip's effects, feline euphoria, were a defense of plants against herbivorous insects. His logic followed not from the incidental effects on cats but from the fact that nearly identical compounds were produced convergently by several insects, were insecticidal, and in some cases were ejected by the animals in response to risk of predation. Eisner was an observer who poked around and followed his nose. The ejection of nepetalactone by molested beetles suggested an explanation for the function of this compound in plants.
Since then, many other defensive compounds have been found to be produced by both animals and plants, including alkaloids and cyanides. The genetic basis of such convergent evolution in defenses continues to be revealed (Jensen et al. 2011; Denoeud et al. 2014) , and the hypothesis generation has not stopped with identifying the functional or mechanistic basis of these defensive traits. Conceptual developments starting in the 1970s and advancing with phylogenetic thinking since 2000 have radically improved our understanding of which plant traits repeatedly evolve together to produce multivariate strategies of defense (Feeny 1976; Kursar and Coley 2003; Agrawal and Fishbein 2006; Fine et al. 2006; Mooney et al. 2010; Johnson et al. 2014; Mason et al. 2016) . In each of these studies, either closely related species (many of which inhabit different habitats) or coexisting species (which span a broad swath of phylogenetic diversity) have been studied and arrayed along multiple axes of growth and defense. A clustering of phenotypes has suggested repeatedly evolving syndromes that can be tested for their ecological effects and associations with particular environments.
Another, perhaps more grandiose academic pursuit employing convergence and natural history involved the search for general patterns or rules that might govern nature. Alfred Russel Wallace (and other contemporaries, including J. W. Slater and E. Haase) posed hypotheses about bright coloration, toxicity, and the acquisition of noxious substances from the host plants of butterfly caterpillars. Each of these naturalists, through their travels, observations, and records, noted a set of associations that lead to a hypothesis: brightly colored lepidopteran larvae obtain toxins from their host plants and use them in defense, typically against vertebrate predators. Subsequently, in the 1950s there was a race to demonstrate such sequestration of toxins by caterpillars, which, once successful, gave rise to the search for general rules of sequestration, aposematism, and mimicry (Reichstein et al. 1968) . The monarch butterfly in particular was the first species shown to sequester toxins from its host plant and became a model to address such general rules (Agrawal 2017) .
In a series of studies led by Miriam Rothschild between 1967 and 1973 , the association between aposematism and sequestration was cemented by studies of several distantly related insect groups that feed on related host plants (von Euw et al. 1967 (von Euw et al. , 1971 Rothschild et al. 1970 Rothschild et al. , 1973 , ultimately leading her to study 23 aposematic insect species from six insect orders that sequestered the same toxic compounds from their host plants in the Apocynaceae. Such findings opened the door to more rigorous statistical analyses, conceptual development, and theory on defense, sequestration, aposematism, and mimicry (Ruxton et al. 2004) . Although the frequent association of sequestration, aposematism, and mimicry now seems obvious, it was the reciprocal interaction between natural history observations, studies of convergence, hypothesis testing, and theory development that led to the paradigm. Contemporary work addresses the genetic basis of convergent associations such as specialization and sequestration. In at least some cases, a diverse set of distantly related organisms utilizes the same mechanism to achieve adaptation to the same environmental challenge (Dobler et al. 2012; Bramer et al. 2015; Petschenka and Agrawal 2015) .
Mechanisms of Convergence: A New Road
to Assessing the Role of Constraint?
Traits are hierarchical in nature, from complex phenotypes (sometimes referred to as coarse-grained traits) down to the products of gene expression (i.e., fine-grained traits, beginning with messenger RNA). Higher-level traits in the hierarchy are typically dependent on several traits at lower levels (Conner and Hartl 2004) , and the interpretation of convergent evolution has different meanings at these different hierarchical scales (Currie 2013) . At the highest scale (or coarse grain), an ecological outcome of several traits may be the trait (or extended phenotype) that exhibits convergent evolution. For example, flight has evolved at least four times, in insects, dinosaurs, birds, and mammals. Additionally, the highly similar ecological niches employed by placental versus marsupial mammals on different continents also exemplifies convergent evolution of coarse-grained traits. If we zoom in, however, the physiological, morphological, and behavioral mechanisms that underlie convergent niches in these radiations may or may not be the same (Luo 2007 ). Another such coarse-grained trait is the phenomenon of indirect defense, where protection of an organism from enemies is achieved through the attraction of, or patrolling by, animal bodyguards. The specific traits and conditions underlying indirect defense may be manifold, and these occur across diverse species and systems (e.g., ant-plants [Heil 2008 ], phloem-sucking hemipteran bugs [ant-tending; Styrsky and Eubanks 2007] , leaf-chewing caterpillars [also ant-tending; Pierce et al. 2002] , and even some fish and other vertebrates [Poulin and Grutter 1996] ). The convergent evolution of such indirect defense as a high-level trait involves many distinct fine-grained traits, from housing structures and food rewards to volatile attractants, traps, and undiscovered mechanisms. Given that indirect defense is composed of multiple traits, we can begin to move down in scale to examine specific traits that generate indirect defense. In plants, a mechanism of indirect defense (one step lower in the hierarchy) may be extrafloral nectaries. We might next examine the chemical composition of extrafloral nectar secreted or, more mechanistically, the genes that code for the nectary and its chemical constituents. These finer-grained traits are mechanisms that generate coarse-grained traits.
Understanding underlying mechanisms is key to determining the causes of convergent evolution. For example, if convergent coarse-grained traits have distinct mechanisms, especially within a lineage, we may conclude that the evolution of those traits was less constrained. In other words, even within the backdrop of conserved genetic architecture, traits, and ecology common to a clade, the same Box 1: A key for categorizing, interpreting, and advancing the study of convergent evolution 1. Has the trait repeatedly evolved?
(yes)-the trait exhibits convergent evolution; go to 2 to address why.
(no)-the trait is not convergent, and it may be difficult to assess the general importance of the trait except from logic (e.g., photosynthesis is clearly important) or functional studies. The lack of repeated evolution could potentially be addressed experimentally to understand constraints.
2. Is there a pattern of repeated trait-environment association?
(yes)-the pattern of convergent evolution is likely due to natural selection; go to 2b (to understand the agents of selection) or 3 (to address biases in convergence).
(no)-the trait appears to have evolved in different environmental contexts (not a convergent adaptation), suggesting alternate functions. Go to 2b, which may help refine your hypothesized selective environment if you are convinced that the trait might be a convergent adaptation.
2b. Do functional analyses or other evidence suggest that the convergently evolved trait is the target of repeated natural selection by the same agent?
(yes)-the pattern of convergent adaptation is suggested; go to 3 to address selective mechanisms underlying convergence.
(no)-the trait may be correlated with traits under selection but may not be directly subject to natural selection (i.e., pleiotropy or hitchhiking). evolutionary outcome was achieved by distinct means. Conversely, if mechanisms of convergence are themselves phylogenetically conserved (the mechanisms are shared among close relatives that have independently evolved the trait), then convergence likely reflects constraint. I emphasize that I am using the term "constraint" here to simply indicate bias in the outcome of evolution, here driven by shared traits in a lineage (table 1; box 1).
Phylogenetic Bias in the Mechanisms of Convergence
Several examples illustrate phylogenetic bias in the mechanisms of convergent traits. C 4 photosynthesis in plants evolved over 60 times, and several different physiological means have been employed as carbon dioxide-concentrating mechanisms in C 4 plants (Sage et al. 2011) . Recent evidence demonstrates the convergent recruitment of particular genes within plant lineages, but different lineages employ different genes in controlling this photosynthetic pathway (Christin et al. 2015) . Also consider red coloration in flowers, a highly convergent trait that is underpinned by distinct genetic mechanisms. Evolutionary transitions to red flowers have repeatedly evolved in several lineages, but the prevalence of different mechanisms of red pigment production differs among lineages (Ng and Smith 2016) . In addition to these two plant examples, resistance of animals (insects, amphibians, reptiles, and mammals) to toxic cardiac glycosides is highly convergent, and although many of the specific genetic changes are conserved across lineages, there is again some phylogenetic bias (Price et al. 1990; Croyle et al. 1997; Dobler et al. 2012; Ujvari et al. 2015) .
The mechanisms by which vertebrates adapt to highelevation environments, typically involving the evolution of altered oxygenation properties of hemoglobin, have been widely studied (Storz and Moriyama 2008) and represent another case of phylogenetically conserved mechanisms in convergent evolution. In a remarkable recent study, Natarajan et al. (2016) studied 28 phylogenetic pairs of bird species and found that the oxygen affinity of hemoglobin in highland bird species was consistently higher than in closely related lowland species. Although the altered genes involved were consistent, the specific amino acid sites of substitution substantially varied. Thus, evolution was convergent at the level of individual genes but not within genes. Within hummingbirds, which had multiple origins of the highland habit, the genetic substitutions were nearly identical. Moreover, Natarajan et al. (2016) demonstrated that those genetic substitutions were functional only in the hummingbird's genetic background, not in that of more basal species. Thus, phylogenetic bias in the mechanisms of convergent evolution may be driven by the genetic background of a clade.
Phylogenetic bias in the mechanisms of convergence appears to be a general result, one that should be quantitatively evaluated in the coming decades. Understanding this bias and its causes (such as a constraining effect of conserved genetic architecture) will lead to a greater understanding of convergence across scales. A potential exception to the pattern of phylogenetic bias in the mechanisms of convergence may be loss of functions, which can presumably occur through many mechanisms (i.e., mutations) that have the same ultimate consequence (Manceau et al. 2010; Smith et al. 2013) . Thus, when the mechanisms of convergence are phylogenetically conserved (i.e., a given mechanism repeatedly evolves within a lineage but distinct mechanisms evolve between lineages), a biasing effect of genetic architecture, life history, or some other attribute of the lineage is suggested.
Biases in convergent evolution can also be studied experimentally. Comparing what has evolved in the natural world with experimental populations has the potential to reveal the extent of constraint (Weinreich et al. 2006; Stern 2013; van Ditmarsch et al. 2013) . For example, both mutagenesis screens for particular phenotypes and experimental evolution studies can reveal a greater number of possibilities than exist in nature, while their natural counterparts typically reveal biased outcomes. A next step will be to reveal why certain possible mechanisms are not realized. The biasing effect of genetic architecture is the tip of the iceberg (Natarajan et al. 2016) .
In some cases, advantageous mutations to groups of genes involved in adaptation may be quite limited, even in highly controlled and benign laboratory conditions. In these cases, convergence may simply be the product of constrained possibilities. However, in mutagenesis studies of microbes, plants, and animals (mostly insects), screens have typically revealed many more potentially functional mutations than those that are realized through the natural evolutionary process (reviewed in Stern 2013). For example, in the case of molecular adaptations of animals to toxic cardiac glycosides (produced by plants and some animal prey), there are relatively few mutations that have repeatedly evolved (across many orders of insects and in some vertebrates) in the target site (e.g., the ubiquitous animal enzyme or the sodium-potassium ATPase; Dobler et al. 2012 Dobler et al. , 2015 Ujvari et al. 2015) . Nonetheless, animal cell mutagenesis studies reveal a greater possibility of potentially functional mutations in sodium-potassium ATPase, though this may not be the case when examined in the same genetic background (Price et al. 1990; Croyle et al. 1997) . Work is just now beginning where uncommon or unrealized (but functional) mutations are being introduced to organisms (or cell lines) to address why such mutations are not typically found in nature overall or at least in particular lineages. Presumably, the uncommon or unrealized mutations do not exist because of negative fitness consequences due to either pleiotropic effects on some other function or epistatic effects given the genetic background.
Contingency, Convergence, and Parallel Evolution: New Takes on Classic Questions
Contingency and convergence are sometimes thought to play mutually exclusive roles in evolutionary biology. In Gould's influential book, Wonderful Life (1990), he made the case for the importance of contingent or chance events that have had a profound effect on the diversification of life. Yet despite being a hero in Gould's story, Simon ConwayMorris subsequently took issue with several of Gould's theses. In fact, in two subsequent books, Conway-Morris provided many examples of convergent evolution that he argued provided evidence against Gould's conclusion of the importance of contingency (Conway-Morris 2003 . Although it might be an attractive proposition that contingency and convergence are alternatives, is that truly the case? No. Convergence can be found at many levels, and yet contingent events also shape patterns of life on Earth. The polarization of the contingency and convergence debate has taken hold conceptually but is largely a false dichotomy. Gould's contingency was conceptualized at a deep scale of chance events that shape the future (e.g., extinction of major lineages such as the dinosaurs). If certain traits evolved only once and those lineages were subject to a contingent catastrophe, then clearly contingency rules. But the importance of such contingent events is not under debate. Rather, what is at issue is whether convergence overrides the importance of these chance events, because ultimately organismal traits would return to the convergent state. In all likelihood, the truth lies somewhere in between. While chance events can reset or change the course of evolutionary history, many traits have and will continue to exhibit convergent evolution. Contingent events create evolutionary opportunities for convergent and divergent evolution. The geographic isolation of large groups of placental and marsupial mammals allowed for remarkable convergence as these groups diversified. Alternatively, certain other contingencies, such as mass extinction events, have surely shaped the diversity of life on Earth that we see today.
Experimental evolution has allowed a reconciliation of issues and deep insights into the debate over parallel, convergent, and contingent evolution (Elena and Lenski 2003) . For example, when a single clone is used to found replicate populations, one can quantify whether parallel or convergent evolution occurs (Arendt and Reznick 2008) . Following Stayton (2015) , here I refer to parallel evolution as two lineages starting with the same character state and ultimately evolving into a different but shared character state. Many traits in Lenski's replicated long-term evolution experiment (LTEE; Lenski 2017) have repeatedly evolved (typically in parallel; e.g., Meyer et al. 2010; Lenski et al. 2015) . Alternatively, other traits have evolved only in single populations (Blount et al. 2008) . Experimental evolution approaches have allowed us to ask, When there is a lack of convergence, does this indicate that contingency dominates? In the LTEE, only one out of 12 replicate populations evolved the ability to utilize citrate as a carbon source, and this emerged after 30,000 generations. Interestingly, the citrate-utilizing line shows repeatable evolution of citrate use after 20,000 generations. This has been tested by restarting the experiment at different time points using frozen ancestors. The genetic architecture was potentiated by specific mutations after 20,000 generations, and these mutations serve to repeatedly favor subsequent mutations that allow for the use of citrate (Blount et al. 2012 )-but in only one out of 12 populations that started from the same clone. In an observational and phylogenetic context, similar patterns have been observed, where a starting character state has a strong influence on the subsequent macroevolutionary trajectory taken (Smith et al. 2013) .
Various authors have proposed that the repeated evolution of traits may be potentiated by past events. For example, an original trait may have a low probability of evolving (i.e., dependent on contingencies, as in the case of citrate use described above), yet what follows is highly repeatable. Interestingly, there is no agreed-upon terminology for such traits that then cause a bias, predisposition, or inherency (Conway-Morris 2003) toward a particular evolutionary outcome. Traits that enable (Donoghue 2005) , channel (Gould 2002) , and potentiate (Blount et al. 2008) or that are precursors (Marazzi et al. 2012) to subsequent change have all been suggested. The extent of convergence and shared mechanisms of the traits that convergently evolve may frequently depend on such phenomena.
In experimentally tractable systems, if one has a hypothesis for what causes the predisposition, this can be addressed by introducing specific changes while controlling for other aspects of genetic architecture. In some cases, a particular gene may cause the predisposition (i.e., epistasis), and in other cases it may be a constellation of genetic factors (including gene duplication; Riehle et al. 2001; Stern 2013) . Even the ecology or life history of a group may cause these events, and such predispositions may well be evident in phylogenies (Marazzi et al. 2012) . In either case, a somewhat infrequent event may predispose a lineage to convergently evolve subsequent adaptations. As discussed above and in box 1, the same mechanism may repeatedly (convergently) evolve within lineages, but different mechanisms may be convergently employed in other lineages, all toward the same end of adapting to a particular selective agent. The examples of phylogenetically conserved convergences discussed above (C 4 photosynthesis, red flower color in plants, animal adaptation to high elevation, and animal resistance to cardiac glycosides; Dobler et al. 2012; Christin et al. 2015; Ujvari et al. 2015; Natarajan et al. 2016; Ng and Smith 2016) are outstanding candidates to study the joint role of biases and selection in adaptation. Convergent evolution is inherently intriguing because at some level it seems unexpected, especially when convergent traits have the same genetic underpinnings. Nonetheless, where possible, the extent of convergence should be contextualized against a null model or hypothesis of what might be expected, both by chance and owing to selective processes. Stayton has argued for the importance of genetic drift in developing null models for the extent of convergence (Stayton 2008) . Below I consider ecological opportunity, genetic architecture, loss versus gain of functions, and genes of small versus large effect when generating expectations for the level of convergent evolution.
In a qualitative sense, the likelihood of convergence may be driven by ecological opportunity, which may be based on what resources are in excess and can be easily employed. Viewed through this lens, it is not surprising that plants have evolved extrafloral nectaries many times (Weber and Keeler 2013) . Sugar is often not limiting to plants, predacious ants often live nearby, and plant genomes share many genes. Similarly, as discussed above, many phloemsucking hemipteran bugs have evolved indirect defense by ants who drink their sugary honeydew excretions (Styrsky and Eubanks 2007). Their honeydew is a waste product, but nonetheless, there are closely related Hemiptera that are ant tended or not, and the evolution of tending typically involves specific morphological traits as well as changes in the amount or composition of honeydew (Völkl et al. 1999; Fischer et al. 2002; Shingleton and Stern 2003; Shingleton et al. 2005) . Thus, the Hemiptera apparently have an ecological resource in excess, which, with some modification, may be highly sought after by an interaction partner.
In contrast, one group of leaf-chewing insects, the Lycaenid butterflies (and some close relatives) have evolved a nectar-producing gland and recruit ants as defensive bodyguards as well (Pierce et al. 2002) . Within the Lepidoptera this may well be the only case of the evolution of defense by ants, and to my knowledge it has not been reported for beetles or flies. Some gall wasp lineages have repeatedly evolved the ability to induce nectar production on their galls (produced by their host plants), and they gain protection from patrolling ants (Inouye and Agrawal 2004; Nicholls et al. 2016) . As far as I know, no vertebrate produces nectar to reward tending ants. Thus, among animals, the high ecological opportunity for the evolution of defense by ants appears to have widely spurred ant-hemipteran mutualism (and the traits that support it), whereas what caused the limited (single?) evolution of the same strategy in Lepidoptera is more difficult to know. Perhaps it was a chance event or circumstance in the history of the Lycaenids. The challenge for us now is to somehow quantitatively address the expectation for such convergences, perhaps depending on both extrinsic attributes such as ecological opportunity and intrinsic attributes such as genetic architecture.
Given the prevalence of epistasis, gene duplication, and effects of genetic background on the fitness advantages of particular mutations (e.g., Riehle et al. 2001; Weinreich et al. 2006; Tenaillon et al. 2012; Kryazhimskiy et al. 2014) , the null expectation of convergence should be informed by knowledge of such genetic effects. Given a particular genetic background, a new mutation may be more compatible or functional and result in having higher fitness than without that specific background. As discussed above, we are at just the beginning of being able to understand biases in the extent of genetic convergence, but given that they exist, we should work toward a predictive framework that would include null expectations based on genetic architecture.
It has been suggested that loss of function mutations may on average be less mechanistically convergent than gain of functions (Arendt and Reznick 2008; Manceau et al. 2010; Smith et al. 2013) . It is certainly the case that convergent loss of pigmentation, which often occurs through mutations in the same gene, occurs by distinct mutations at different sites (Protas et al. 2006 ). The rampant convergent loss of the gas (swim) bladder among teleost fishes also occurs by many distinct mechanisms; even losses within a single species, wild-caught zebra fishes, occurred by over 20 distinct mechanisms (McCune and Carlson 2004) . In a sense, loss of function is analogous to a highly polygenic trait, since genetic modifications at many locations will result in the same phenotypic outcome.
Are convergent phenotypic traits that are controlled by many genes also less likely to have a common mechanistic basis? The genetic basis of body size is highly polygenic, and yet geographical clines (e.g., across latitude) in phenotype are highly repeatable across species and convergently evolve in native and introduced populations (e.g., see Lomolino 2005 for a review on vertebrates). Nonetheless, the genetic basis of such convergent phenotypic clines appears to occur by divergent mechanisms (reviewed for Drosophila in Gilchrist and Partridge 1999; Huey et al. 2000; Arendt and Reznick 2008) . A polygenic basis for adaptation to high temperature may also underlie convergence in experimental studies of Escherichia coli. For example, experimental adaptation to high temperature in over 100 replicate lines revealed that any given pair of lineages shared relatively few nonsynonymous point mutations (2.6%), but at a higher hierarchical level, modified genes and operons were much more likely to be shared (120%; Tenaillon et al. 2012) . In the adaptation of fitness in 65 closely related yeast genotypes, Kryazhimskiy et al. (2014) demonstrated that although fitness evolved in highly repeatable trajectories, the specific mutations were highly variable and dependent on epistasis based on past fitness gains. In contrast to these studies on polygenic trait evo-lution, in cases of resistance to particular toxins or diseases with highly specific target sites (with genes of major effect), much stronger convergence at the molecular level has been expected and observed (ffrench-Constant et al. 1998; Ashfield et al. 2004; Dobler et al. 2012; Farhat et al. 2013; Yang et al. 2013; Brodie and Brodie 2015; Ujvari et al. 2015) .
Beyond Mechanism: Evolutionary and Ecological Consequences of Convergence
Thus far, this article has focused on interpreting patterns of convergent evolution and integrating studies to understand the causes of convergence. As discussed above, the evolution of particular genes or traits may predispose a lineage to converge on a particular solution in response to natural selection. In addition, when convergence occurs (at whatever mechanistic level), are there predictable outcomes for the evolution and ecology of a lineage? Perhaps the greatest interest among evolutionary biologists in consequences of convergence has come in the form of searching for macroevolutionary key innovations, those traits that evolve and allow organisms to interact with the environment in new ways and increase the net lineage diversification rate (Hunter 1998) . Although there are now sophisticated analytical tools to detect shifts in diversification rates on phylogenies, even if they occur only once (Rabosky 2014) , single occurrences have little ability to provide generality in terms of how traits impact diversification. Even though we have little understanding of why particular traits may facilitate speciation (or retard extinction; Heard and Hauser 1995; Futuyma and Agrawal 2009 ), recent work on plant-insect interactions suggests that such traits exist (Fine et al. 2004; Kaminski et al. 2010; Forister et al. 2011) .
Indeed, our best cases of traits acting as key innovations, especially from traits that have repeatedly evolved, come from the defensive traits of plants: latex (Farrell et al. 1991) and extrafloral nectaries (Weber and Agrawal 2014) . In both cases, the traits have convergently evolved in numerous plant families, the traits are associated with defense against herbivores, and lineages that have evolved these traits have higher diversification rates than closely related lineages lacking the traits. Convergent evolution of these defensive traits has had profound and predictable consequences for plant diversification. Remarkably, on the coevolutionary flip side, herbivory as a trait in insects is also an iconic case of a convergent trait (feeding strategy) that is widely associated with elevated diversification rates (Mitter et al. 1988; Wiens et al. 2015) . Future work will certainly identify other convergent key innovations, but more importantly, we must address how and why the traits impact speciation or extinction.
From an ecological perspective, there is tremendous interest in understanding the species and traits that may cause predictable outcomes in community assembly and composition. Such processes may occur over long periods of time (which include evolutionary change) or over shorter periods of time (e.g., following disturbance or during succession). Do particular species and their traits, once present in a community, fundamentally change the course of assembly? In the classical cases of adaptive radiations in bounded communities (i.e., lakes and islands), there is often an association between convergently evolved animal ecomorphs and assembly of a fauna of related species (Losos et al. 1998; Gillespie 2004; Turner 2007) . Nonetheless, cause and effect between the convergent traits and assembly of the community can be difficult to discern. The consideration of traits that modulate positive and negative species interactions is an especially important frontier, as both can impact community structure, though in different ways. Fukami et al. (2017) take on the issue of convergence in plant mycorrhizal associations and how these may have shaped predictable outcomes of community structure in diverse tropical forests.
In a general sense, convergent traits may strongly impact the process of community assembly through a few different processes. One metric of community assembly is the phylogenetic structure of a community, defined as a nonrandom pattern of evolutionary relatedness among species (Kraft et al. 2007 ). In the simplest case where habitat filtering is critical, convergence in traits among species will result in a pattern of even (sometimes called over-dispersed) communities, those where species are less closely related than would be expected by chance (Cavender-Bares et al. 2004 ). Conversely, if traits are phylogenetically conserved (e.g., tolerance of some stress), habitat filtering will result in phylogenetically clustered communities. However, when traits are evolutionarily conserved and yet there is selection for dissimilarity within a community (because of competition or other negative species interactions among close relatives), the outcome will result in an even community. Finally, for the case where some habitat filtering occurs as well as where species interactions are important and species' traits are convergent (likely the most typical scenario), the community outcome is unclear (Kraft et al. 2007 ). Thus, quantitatively parsing out the impact of convergent evolution on community structure is a critical frontier in understanding the role of deep evolutionary processes in community assembly.
Looking Back and Looking Forward
There are two related issues for why convergence provides such an important and compelling approach to biology, especially when describing phenomena or taking a natural
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This content downloaded from 132.236.027.111 on July 22, 2017 05:12:23 AM history approach. As pointed out by Felsenstein (1985) , independent evolution provides statistical power in comparative biology. Correcting for phylogeny, though sometimes having a pejorative connotation, is simply about making robust statistical arguments about the association between two phenomena. Whether two traits show correlated evolution, a trait repeatedly evolves in a particular environment, or the repeated evolution of a trait is consistently associated with increased diversification, convergence in all cases provides power for stronger inference than if the association occurred only once. This is not to downplay the importance of contingent events that occurred only once; indeed, these may be some of the most critical events in evolutionary history. Nonetheless, to gain insight into whether there are general rules in biology, there is no substitute for evolutionary replication. Evolutionary replication allows us to come closer to understanding the cause of a particular association because, if repeated in independent lineages, the genetic background, life history, and ecology of the distinct lineages are likely to be different, and yet the association still stands.
The current renaissance in descriptive biology has grown from exploring the natural histories of the genomes of many organisms (e.g., Parker et al. 2013) , engaging in new forms of discovery, and comparative analyses. There has been tremendous growth in the analysis of ecological gradients and understanding the natural pattern of species traits, distributions, and interactions along latitude, altitude, and other gradients. Part of this revolution has come from a renewed interest in trait-based ecology, the availability of phylogenetic information, and climatic databases. Given this resurgence, I conclude with four hopeful messages. First, let's embrace this interest, as natural history is an important basis of inspiration, discovery, and the conservation of species. Second, the use of convergence can provide rigor and replication to address some of the biggest questions, ranging from understanding constraints to diversification. Third, there is tremendous potential to understand the underlying drivers of convergence by addressing the extent to which the mechanisms of convergent traits are biased by the phylogenetic lineage in which they evolve (box 1). Last, the combined use of comparative biology and experimentation (ranging from mutagenesis screens to reciprocal transplant experiments) will be critical in advancing biology (Weber and Agrawal 2012) .
